Infections of the reproductive tract or mammary gland with Gram-negative bacteria perturb ovarian function, follicular growth, and fecundity in cattle. We hypothesized that lipopolysaccharide (LPS) from Gram-negative bacteria stimulates an inflammatory response by ovarian granulosa cells that is mediated by Toll-like receptor (TLR) 4. The present study tested the capacity of bovine ovarian granulosa cells to initiate an inflammatory response to pathogen-associated molecular patterns and determined subsequent effects on the in vitro maturation of oocytes. Granulosa cells elicited an inflammatory response to pathogen-associated molecular patterns (LPS, lipoteichoic acid, peptidoglycan, or Pam3CSK4) with accumulation of the cytokine IL-6, and the chemokine IL-8, in a time-and dose-dependent manner. Granulosa cells responded acutely to LPS with rapid phosphorylation of TLR signaling components, p38 and ERK, and increased expression of IL6 and IL8 mRNA, although nuclear translocation of p65 was not evident. Targeting TLR4 with small interfering RNA attenuated granulosa cell accumulation of IL-6 in response to LPS. Endocrine function of granulosa cells is regulated by FSH, but here, FSH also enhanced responsiveness to LPS, increasing IL-6 and IL-8 accumulation. Furthermore, LPS stimulated IL-6 secretion and expansion by cumulusoocyte complexes and increased rates of meiotic arrest and germinal vesicle breakdown failure. In conclusion, bovine granulosa cells initiate an innate immune response to LPS via the TLR4 pathway, leading to inflammation and to perturbation of meiotic competence. (Endocrinology 152: Abbreviations: CD, Cluster of differentiation; COC, Cumulus-oocyte complex; FCS, fetal calf serum; IB␣-EGFP, nuclear factor of light polypeptide gene enhancer in B-cells inhibitor ␣-enhanced green fluorescent protein; IVM, in vitro maturation; LPS, lipopolysaccharide; LTA, lipoteichoic acid; MHCII, major histocompatibility complex class II; NFB, nuclear factor B; Pam3CSK4, N-Palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-[R]-cysteinyl-[S]-seryl-[S]-lysyl-[S]-lysyl-[S]-lysyl-[S]-lysine; PAMP, pathogen-associated molecular pattern; PGN, peptidoglycan; siRNA, small interfering RNA; TLR, Toll-like receptor. R E P R O D U C T I O N -D E V E L O P M E N T Endocrinology, December 2011, 152(12):5029 -5040 endo.endojournals.org 5029
B acterial infections of the uterus or mammary gland commonly cause disease in dairy cattle, and these infections are associated with infertility (1) (2) (3) (4) . Uterine infection after parturition causes metritis in 40% of animals, and the resulting decreased milk yields, delayed ovulation, reduced fecundity, and animal culling for failure to conceive cost the European Union dairy industry €1.4 billion/ yr. Infection of the mammary gland causes mastitis in a comparable proportion of animals, and these infections reduce conception rates. Metritis or mastitis also retard follicular growth, reduce circulating and intrafollicular estradiol concentrations, extend luteal phases, and disrupt ovarian cyclic activity (5) (6) (7) . The Gram-negative bacte-rium Escherichia coli is a main pathogen causing metritis and mastitis, and these infected animals have reduced fecundity even after resolution of clinical disease (8, 9) . Accumulation of lipopolysaccharide (LPS) from Gram-negative bacteria in follicular fluid of animals with metritis may link infection and ovarian dysfunction (2) . Estradiol is reduced in granulosa cells cultured with LPS (3), whereas animals with mastitis have altered granulosa cell gene expression and lower follicular estradiol (4) . Bacterial infections of the uterus in women also cause infertility (6, 10) . Recently, microbial colonization and altered cytokine profiles were reported in follicular fluid from in vitro fertilization patients with low conception rates (11) .
However, mechanisms linking bacterial infection and perturbation of ovarian function or oocyte quality remain to be determined.
The Toll-like receptors (TLR) are a family of 10 cellular receptors responsible for detecting and initiating the innate immune defense against bacterial, viral, and fungal pathogens (12, 13) . These receptors are primarily found on immune cells, such as macrophages, and generate the initial inflammatory response to a pathogen by binding pathogen-associated molecular patterns (PAMPs). LPS derived from E. coli is a prototypical PAMP binding TLR4 in complex with coreceptors cluster of differentiation (CD) 14 and myeloid differentiation factor-2, resulting in phosphorylation of ERK1/2 and p38, and nuclear translocation of nuclear factor B (NFB) components, which leads to production of proinflammatory cytokines, such as IL-1␤, IL-6, TNF␣, and chemokines, such as IL-8 (12, 13) . Bovine and murine granulosa cells also express mRNA for the TLR4 receptor complex (2, 14) . It remains unclear whether granulosa cells respond to LPS via TLR4 to generate an inflammatory response akin to cells of the immune system. This is important, because although ovarian stroma contains immune cells for tissue remodeling, healthy follicles are devoid of immune cells (15) .
Mammalian oocyte growth and maturation from the primordial follicle until ovulation is dictated by a highly ordered cascade of hormones, growth factors, nutrients, and signaling molecules from the surrounding environment (16, 17) . Oocytes must undergo nuclear and cytoplasmic maturation for successful fertilization and embryonic development, progressing from the germinal vesicle stage until pausing at the M-phase of meiosis II (18) . Oocytes depend on their surrounding granulosa cells for nutrition, and there is bidirectional communication between oocyte and granulosa cells. However, these intimate interactions expose mammalian oocytes to more exogenous factors than invertebrate eggs enclosed in an impermeable shell. Thus, in the absence of immune cells in the ovarian follicle, perhaps granulosa cells play an active role in protecting mammalian oocytes against PAMPs. Although mice with defective TLR4 signaling have normal fertility (19, 20) , TLR2 and TLR4 complexes binding endogenous ligands, such as hyaluronic acid in ovulated cumulus-oocyte complexes (COCs), play a role in sperm capacitation and oocyte fertilization (21) . Ovulation itself is regarded as sterile inflammation involving the innate immune system (22, 23) . However, it is not clear whether during disease the activation of TLR4 by LPS could impact oocyte competence during follicle development.
Here, we explore the mechanism of ovarian perturbation associated with PAMPs and investigate the possibility that granulosa cells act as immune sensors within the ovar-ian follicle. We tested the capacity of bovine ovarian granulosa cells to initiate an inflammatory response to PAMPs and determined subsequent effects on the in vitro maturation (IVM) of oocytes. Here, we show that in vitro exposure of granulosa cells and oocytes to LPS generates a TLR4-dependent inflammatory response and ultimately perturbations in oocyte meiotic competence.
Materials and Methods

Tissue collection and cell isolation
Ovaries were collected from cows within 15 min of killing and transported to the laboratory on ice in PBS containing 1% penicillin/streptomycin (Sigma-Aldrich, Poole, UK). Ovaries from between 10 and 20 cows were pooled for each experiment. Within 90 min of excision, ovaries were processed for collection of mural granulosa cells and COCs. Ovaries were rinsed in 70% ethanol followed by a brief rinse in sterile PBS. An endotoxin-free 2-ml syringe and 20-gauge needle was employed to aspirate 4-to 8-mm follicles into collection medium [Medium 199 (Invitrogen, Paisley, UK), 0.5% BSA, 25 mM HEPES, 50 g/ml heparin, 5 U penicillin, and 50 g/ml streptomycin; Sigma-Aldrich]. The 4-to 8-mm follicles were chosen because they are a representative homogenous pool of follicles with granulosa cells that are FSH responsive and LH unresponsive (24) . The COCs were collected and pooled for two 5-min washes in fresh collection medium without heparin and then placed into defined maturation culture medium (see below). Granulosa cells were pooled and washed twice in either serum-free medium as previously defined (25) or granulosa cell culture medium containing 10% fetal calf serum (FCS). Granulosa cells were then resuspended and plated at 1.5 ϫ 10 6 cells/ml in a final volume of 500 l in 24-well plates (TPP, Trasadingen, Switzerland). Each experiment was carried out at least four times using tissue collected on different days. Treatments were performed in single wells with negative and positive controls.
Assessment of immune cells
Independent granulosa and blood cell cultures on three separate occasions were subjected to mRNA extraction for RT-PCR or fixation for immunocytochemistry (see below). Freshly isolated granulosa cells were also subjected to flow cytometry analysis by incubating with mouse antiovine major histocompatibility complex class II (MHCII) antibody (1:100, bovine MHCII cross-reactive; AbD Serotec, Kidlington, UK). Cells were incubated for 1 h on ice in PBS and 0.2% BSA (Sigma-Aldrich), washed three times in fresh PBS and 0.2% BSA, incubated for 30 min with goat antimouse Alexa Fluor 488 (1:500; Invitrogen), washed in PBS and 0.2% BSA three times, and 10000 events analyzed using FACSAria (BD Biosciences, San Jose, CA). The proportion of MHCII positive cells was determined by plotting against the unstained population. lipoteichoic acid (LTA) (ligand for TLR2), peptidoglycan (PGN) (ligand for TLR2), or Pam3CSK4 (N-Palmitoyl-S- [2,3- 
bis(palmitoyloxy)-(2RS)-propyl]-[R]-cysteinyl-[S]-seryl-[S]-lysyl-[S]lysyl-[S]-lysyl-[S]
-lysine) (synthetic ligand for TLR1 and TLR2) at 10-fold increasing doses between 100 pg/ml and 10 g/ml (all InvivoGen, San Diego, CA). Cell-free supernatants were collected 24 or 48 h after treatment and stored at Ϫ20 C for analysis by ELISA. Each experiment was repeated on four to six separate occasions.
To determine time-dependent activation of granulosa cells in response to LPS, cells were treated with 1 g/ml LPS for 0, 30, 60, 90, 180 min. At the end of each experiment, the cells were collected and total mRNA or protein was isolated (see below). Each experiment was repeated on four separate occasions.
Oocyte IVM
COCs were pooled and randomly assigned to undergo IVM in different conditions for 24 h. Meiotic evaluation was performed on three independent occasions, IL-6 accumulation on four occasions, and COC expansion on eight occasions. Maturation medium (Medium 199, 0.25 mM pyruvate, 10% FCS, 1 g/ml estradiol, 1% insulin/transferrin/sodium selenite solution, 5 U penicillin, 50 g/ml streptomycin, and 2 mM L-glutamine) was supplemented with gonadotropins using 2.5 g/ml FSH and/or 10 g/ml LH (both A. F. Parlow, National Hormone and Peptide Program, Torrance, CA) (26, 27) and LPS at 1 or 10 g/ml. The COCs were cultured in 1 ml of defined medium in round bottomed organ culture dishes in groups of 10 -15 per experiment. After IVM, COC expansion was recorded, cell-free supernatants collected, and COCs partially denuded in 10 IU hyaluronidases (Irvine Scientific, Wicklow, Ireland) ready for meiotic evaluation by confocal microscopy.
Tissue fixation, immunofluorescence, and confocal microscopy
Cultured granulosa cells or COCs were fixed in 2% paraformaldehyde for 10 min at 37 C followed by microtubule stabilizing buffer (100 mM PIPES, 5 mM MgCl 2 , 2.5 mM EGTA, 2% formaldehyde, 0.1% Triton X-100, 1 mM taxol, and 10 U/ml aprotinin; Sigma-Aldrich) for 45 min at 37 C and stored in wash solution, as described previously (28, 29) . Samples were incubated overnight in the presence of an antibody cocktail of mouse anti-␣-tubulin and mouse anti-␤-tubulin to assess meiotic progression (1:100; Sigma-Aldrich) or ovine anti-MHCII to evaluate the presence of immune cells (1:50; AbD Serotec) at 4 C. Samples were washed three times in wash solution for a total of 30 min, and antibody detection was performed using goat antimouse-Alexa Fluor 488 secondary antibody (1:800; Invitrogen), in combination with Phalloidin-Alexa Fluor 555 (1:100; Invitrogen) for the detection of F-actin, and 1 g/ml Hoechst 33342 (Invitrogen) at 37 C with gentle agitation. Samples were washed three times in wash solution for a total of 30 min before mounting in 50% glycerol/PBS using wax cushions to avoid compression of samples (28, 29) . Ovary or spleen were fixed in 4% paraformaldehyde overnight, wax embedded, and subjected to immunohistochemistry to identify the presence of immune cells by MHCII immunoreactivity.
Samples were analyzed on a Zeiss LSM 710 confocal microscope using a ϫ40 Plan-Apochromat objective (na ϭ 1.3), KrArg (405,488 nm), and HeNe (543 nm) lasers to collect three channel z-stacks through the entire spindle of each oocyte using Zen software (Zeiss, Jena, Germany). Oocytes were categorized by evaluating chromatin condensation, cortical actin arrangement, spindle bipolarity, and presence of a polar body; only oocytes with a polar body and bipolar spindle with condensed chromatids were considered as normal MII oocytes (29) . Oocytes were evaluated by an experienced observer without reference to treatment group.
RNA isolation and real-time RT-PCR
Total RNA was isolated from cell samples after two washes in PBS. Samples were resuspended in RLT buffer (QIAGEN, Crawley, UK) before being passed through a ribonuclease-free 20-gauge needle 10 times to disrupt cells. Total mRNA extraction was performed using the RNA Easy Mini kit (QIAGEN) according to the manufacturer's instructions. Total mRNA was measured using the NanoDrop spectrophotometer, and 2 g of mRNA were subjected to RT using the QuantiTect Reverse Transcription kit (QIAGEN) according to the manufacturer's instructions. Primers were designed using the NCBI database and initial specificity verified by BLAST to ensure no cross-reactivity with other loci (Supplemental Table 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Real-time PCR was performed in 25-l reactions containing 1 M each forward and reverse primer (Sigma Genosys). An iQ5 light cycler (Bio-Rad, Hemel Hempstead, UK) was employed to perform quantitative PCR. The starting quantity of mRNA from each sample was determined using standard curves generated from reference RNA with Quantifast SYBR green (QIAGEN), and expression levels of genes of interest were then normalized to the reference gene ACTB after verification of stable expression (30) . To examine cell purity, PCR products for MHCII and AMH were electrophoresed on a 2% agarose gel containing ethidium bromide and visualized under UV illumination.
Protein isolation and Western blotting
Total protein was isolated from cells after two washes in PBS. A total of 10 g of protein was electrophoresed on a 10% SDS-PAGE. Protein was transferred onto polyvinylidene fluoride membranes and blocked overnight in 5% BSA in Tris-buffered saline with Tween 20 at 4 C. Protein blots were probed for diphosphorylated-ERK1/2 (M8159; Sigma-Aldrich) and phosphorylated-p38 (Thr180/Tyr182; Acris Antibodies, Herford, Germany). Membranes were incubated for 2 h at room temperature with the appropriate primary antibody diluted 1:1000 in block solution. After three 15-min washes in Tris-buffered saline with Tween 20, membranes were incubated with an appropriate secondary antibody conjugated to horseradish peroxidise diluted 1:1000 in block solution for 2 h (Cell Signaling, Danvers, MA). After three washes, protein reactivity was visualized using enhanced chemiluminescence (Western C; Bio-Rad). Protein loading was normalized to tubulin immunoreactivity (Invitrogen) performed on the same blot.
Small interfering RNA (siRNA)
Inhibition of TLR4 mRNA translation was performed using siRNA targeted to TLR4 mRNA (Fisher Scientific, Loughborough, UK) (Supplemental Table 1 ). Cells were incubated with Lipofectamine-RNAiMAX (Invitrogen) and 10 pmol TLR4-siRNA or scramble-siRNA (Fisher Scientific) in the absence of antibiotics for a period of 24 h. After washing in PBS, cells were challenged with 1 g/ml LPS for an additional 24 h. Cell-free supernatant and total mRNA were collected for analysis. Experiments were performed on four separate occasions.
Nuclear factor of light polypeptide gene enhancer in B-cells inhibitor ␣-enhanced green fluorescent protein (IB␣-EGFP) and p65-dsRed cell transfection for time-lapse confocal microscopy
The transcription factor p65 remains inactive when sequestered by IB␣ in the cytoplasm, but upon IB␣ ubiquitination and degradation, p65 is free to translocate to the nucleus (31, 32) . To determine IB␣ degradation and p65 translocation, granulosa cells were cultured on four chamber glass bottom dishes at 10 4 cells/ml for 24 h under normal culture conditions and then transfected with Lipofectamine 2000 (Invitrogen) and a plasmid containing IB␣-EGFP and a p65-dsRed plasmid, both under control of the hCMV-IE promoter (gift from Dr. Violaine Sée, University of Liverpool, Liverpool, UK) (31, 32) . Transfection of plasmids was initially performed in complete granulosa cell medium in the absence of antibiotics. After 6 h of culture, cells were washed in PBS and cultured for a further 18 h in serum-free granulosa cell medium to facilitate p65 localization to the cytoplasm before imaging. All microscopy was carried out in complete granulosa cell culture medium containing serum, and cells were placed in control medium or media containing 1 g/ml LPS, or 20 ng/ml TNF␣ as a positive control. Cells were visualized using multiplexed, time-lapse confocal microscopy with an automated stage in a live cell chamber (Zeiss 710 LSM) maintained at 37 C with 5% CO 2 in air allowing visualization of control and treated cells contemporaneously. Experiments were carried out on three separate occasions with a minimum of five cells visualized per treatment for each experiment.
Enzyme-linked immunosorbent assay
IL-6 and IL-8 were measured in cell-free supernatants using commercially available ELISA [Fisher Scientific and R&D Systems (Abingdon, UK), respectively] according to the manufacturer's instructions. Although the IL-6 ELISA is bovine specific, the IL-8 ELISA is cross-reactive for bovine IL-8 (33).
Statistics
SPSS version 13.0 was used for statistical analysis. Data are presented as the mean ϩ SEM. Real-time RT-PCR and gonadotropin experiments were analyzed using a nonparametric Mann-Whitney U test. The PAMP challenge experiments were analyzed using ANOVA followed by Dunnett's pair-wise post hoc test. IL-6 data for COCs were first log transformed to normalize data distribution before ANOVA followed by Dunnett's pair-wise post hoc test. Meiotic failure of oocytes was compared using the 2 test. P Ͻ 0.05 was assumed to be statistically significant.
Results
Granulosa cells are free of immune cells
Contamination of cultured granulosa cells with immune cells was assessed to ensure that inflammatory re-sponses were due to nonimmune cells. Previous work showed that granulosa cell cultures do not express the CD 45 immune cell marker (2) . In the present study, the MH-CII marker of antigen presenting cells was not expressed by granulosa cell cultures ( Fig. 1A) . Also, cultured granulosa and blood cells had 0 and 71.4% MHCII positive cells, respectively (Fig. 1B) . Flow cytometry analysis of freshly isolated granulosa and blood cells had 0 and 44% MHCII positive cells, respectively (Fig. 1C) . Furthermore, MHCII immunoreactive cells were absent within the basement membrane of intact 4-to 8-mm follicles (Fig. 1D) . 
Granulosa cells produce an inflammatory response to PAMPs
Granulosa cells were challenged with a range of bacterial PAMPs to determine their ability to signal through TLR and initiate an inflammatory response, as determined by the accumulation of the proinflammatory cytokine IL-6 and the chemokine IL-8. Initially, granulosa cells were cultured in either serum-free medium (25) or medium containing 10% FCS. Granulosa cells had little or no response to PAMPs in serum-free conditions (Supplemental Fig. 1 ). All further cultures were performed with serum and granulosa cells incubated for 24 h in the presence of LPS (TLR4 ligand), LTA (TLR2 ligand), PGN (TLR2 ligand), or Pam3CSK4 (TLR1 and TLR2 synthetic ligand) accumulated IL-6 and IL-8 in supernatants in a dose-dependent manner (P Ͻ 0.05) (Fig. 2, A and C) . The accumulation of IL-6 and IL-8 was further increased after 48 h of culture with each PAMP compared with 24 h (P Ͻ 0.05) (Fig. 2,  B and D) . The remaining experiments used 1 g/ml LPS, because granulosa cells had the greatest sensitivity to LPS (Fig. 2) , the follicular fluid of cattle contains LPS (2), and similar concentrations of LPS are used to study immune cell activation (20) .
Granulosa cells respond acutely to LPS
To determine the acute response of granulosa cells to LPS, we used Western blotting, real-time RT-PCR, and live cell imaging to evaluate initiation of the signaling cascade, IL6 and IL8 mRNA expression, and p65-NFB nuclear translocation, respectively.
Granulosa cells before LPS exposure showed little or no initial phosphorylation of p38 or ERK1/2, but after a 30-min treatment with 1 g/ml LPS, there was phosphorylation of both ERK1/2 and p38, which was maintained up to 180 min (Fig. 3A) .
Granulosa cells were challenged with 1 g/ml LPS for 0, 30, 60, 90, or 180 min to determine IL6 and IL8 mRNA expression. The IL6 mRNA was increased by 2.1-fold in cells after only a 30-min treatment compared with untreated controls and remained 2.5-fold elevated at 180 min (P Ͻ 0.05) (Fig. 3B) ; IL8 mRNA was elevated 2.6-fold after 30 min compared with untreated controls and remained elevated 5.3-fold at 180 min (P Ͻ 0.05) (Fig. 3C ). Because nuclear translocation of NFB is part of the TLR signaling pathway (12, 13) , cells transfected with IB␣-EGFP and p65-dsRed were monitored for 3 h using live cell confocal microscopy (32). Treatment of cells with 20 ng/ml TNF␣ as a positive control showed both degradation of IB␣-EGFP (Fig. 4, A and B) and nuclear translocation of p65-dsRed ( Fig. 4 , C and D) after 90 min in approximately 20% of analyzed cells. Untreated and LPStreated cells showed no breakdown of IB␣-EGFP (Fig. 4 , E and F) or nuclear translocation of p65-dsRed (Fig. 4 , G and H) over 90 min, and there was no change when visualized for a further 90 min.
LPS-induced inflammatory response of granulosa cells is attenuated by siRNA-TLR4
The recognition of LPS by cells of the immune system is mediated through TLR4 (19, 20) ; thus, TLR4-targeted siRNA was used to determine whether LPS-induced inflammatory responses by bovine granulosa cells are also dependent on TLR4. The siRNA reduced TLR4 expression in granulosa cells either untreated or treated with 1 g/ml LPS (P Ͻ 0.05) (Fig. 5A ). Furthermore, siRNA tar- geting of TLR4 reduced the accumulation of IL-6 in response to LPS (P Ͻ 0.05) (Fig. 5B ).
Exogenous gonadotropins alter innate immune responses to LPS
Granulosa cells from the growing pool of follicles (4 -8 mm) are FSH responsive and LH receptor negative (24) . Previously, Tlr4, Cd14, and Myd88 mRNA expression was shown to increase in murine COCs due to FSH exposure in vitro (14) . Here, exogenous recombinant bovine-FSH was used to assess its role in mediating the inflammatory response in granulosa cells. To determine whether FSH per se had an effect on innate immunity, as in lower organisms (34), we investigated whether FSH alone induced changes in phosphorylation of p38 and ERK1/2, IL6 and IL8 mRNA, and accumulation of IL-6 and IL-8. In the absence of LPS, FSH alone did not increase phosphorylation of p38 or ERK1/2 (data not shown), or IL6 or IL8 mRNA after 180 min (71 and 21% of control, respectively). Additionally, the accumulation of IL-6 or IL-8 was unchanged when treated with FSH alone (1.0and 1.8-fold, respectively).
To explore interactions between gonadotropins and LPS, granulosa cells were either pretreated with FSH for 6 h before LPS exposure or treated with FSH for the duration of the LPS exposure. In the absence of gonadotropins, as expected, there was a dose-dependent accumulation of IL-6 and IL-8 after treatment of granulosa cells with LPS for 24 h (P Ͻ 0.05) (Fig. 6 , A and C) or 48 h (P Ͻ 0.05) (Fig. 6, B and D) . Pretreatment or continuous treatment of granulosa cells with FSH had no further effect on the IL-6 accumulation after 24 h of LPS exposure (Fig.   FIG. 3 . LPS induced phosphorylation of ERK and p38, and IL6 and IL8 gene expression in granulosa cells in a time-dependent manner. A, Granulosa cells were treated with 1 g/ml ultrapure LPS and cultured for 30, 60, 90, or 180 min before Western blot analysis. Bands are shown corresponding to diphosphorylated ERK1/2, phosphorylated p38 (Thr180/Tyr182), and tubulin as a loading control. Image is representative of three independent experiments. Granulosa cells were cultured in control medium (Ⅺ) or medium containing 1 g/ml ultrapure LPS (f) for 30, 60, 90, 6A). However, after a 48-h exposure to LPS, pretreatment or continuous treatment with FSH increased accumulation of IL-6 compared with cells with no FSH treatment (P Ͻ 0.05) (Fig. 6B ). The accumulation of IL-8 after a 24or 48-h exposure to LPS was significantly increased when granulosa cells were pretreated or continuously treated with FSH compared with those with no FSH treatment (P Ͻ 0.05) (Fig. 6, C and D) . There was no significant interaction between FSH treatment and LPS dose in each experiment.
COC IVM is perturbed by LPS exposure
Because LPS stimulated an inflammatory response in granulosa cells, and in the mouse IL-6 is critical for COC expansion and can bypass amphiregulin-dependent expansion of the COC (35), we posited that this could change the follicular environment for developing oocytes. Therefore, we performed IVM of COCs using defined medium with the addition of exogenous LPS for 24 h to determine perturbations in IL-6 production (216 COCs used in four independent experiments), COC expansion (422 COCs used across eight independent experiments), and meiotic maturation (290 COCs used across three independent experiments). Treatment of COCs with 1 or 10 g/ml LPS induced 76 and 58% increase in IL-6 accumulation compared with untreated controls, respectively (P Ͻ 0.05) (Fig. 7A) . Examination of the expansion of COCs revealed that in the absence of FSH, 10 g/ml LPS significantly increased the rates of cumulus expansion compared with untreated controls (0.0 vs. 24.0%, P Ͻ 0.05) (Fig. 7B) .
After 24 h of IVM, oocytes were subjected to confocal microscopy to determine their meiotic status. Morphologically normal oocytes containing bipolar spindles and aligned chromosomes along the meta-phase plate were deemed normal MII oocytes (Fig. 8A) . Oocytes that failed to reach the M-phase of meiosis II, or those with perturbed meiotic structures (aberrant spindles, chromosomal ejection, or parthenogenic activation), were deemed to have failed meiosis (Fig. 8B) . In all, 290 COCs were assessed in eight treatment groups. Control IVM consisting of basal medium with no exogenous gonadotropins resulted in a meiotic failure rate of 14.0%, with the addition of 10 g/ml LPS the meiotic failure rate significantly increased to 34.4% (P Ͻ 0.05). IVM in the presence of both FSH and LH resulted in a 14.3% meiotic failure rate, but the addition of 10 g/ml LPS again increased the meiotic failure rate to 35.7% (P Ͻ 0.05) (Fig. 8C ).
Discussion
Reproductive tract infection in dairy cattle is common after parturition and leads to endocrine dysfunction and ultimately infertility (5, 6) . The Gram-negative bacteria, E. coli, is the most prevalent pathogen detected in the uterus post partum (2, 9) . Although infection of the ovary itself is rare, animals with postpartum uterine infection have concentrated LPS in the follicular fluid of growing follicles (2) . Previously, it has been demonstrated that in the absence of LPS, TLR4 may play a role in ovulation in the mouse by using endogenous ligands (21) . In contrast, here, we explore the role of granulosa cells in a pathological context and hypothesize that LPS from Gram-negative bacteria stimulates an inflammatory response by ovarian granulosa cells that is mediated by TLR4. Absence of immune cells within the ovarian follicle or granulosa cell cultures in the present study further highlight potential roles for granulosa cells in innate immunity. In the present study, the bacterial PAMPs LPS, LTA, PGN, and Pam3CSK4 initiated an inflammatory response by granulosa cells in a dose-dependent manner with accumulation of the inflammatory cytokine IL-6 and the chemokine IL-8. Using LPS as the prototypical PAMP, granulosa cells initiated phosphorylation of the downstream mediators ERK and p38 and acute up-regulation of IL6 and IL8 mRNA. Accumulation of IL-6 and IL-8 was evident with low doses of LPS, akin to the responsiveness of immune cells (36). This response to LPS was reduced by siRNA targeting TLR4 of granulosa cells. Interestingly, the addition of FSH into the culture system increased granulosa cell sensitivity and responsiveness to LPS. Furthermore COCs accumulated IL-6 in response to LPS and underwent aberrant expansion in the absence of exogenous gonadotropins. Finally, IVM of oocytes was perturbed by the presence of exogenous LPS, resulting in their failure to complete meiosis. Taken together, these data support the concept that granulosa cells have roles in innate immunity and provide mechanisms for perturbation of fertility by bacterial infections.
Bovine granulosa cells express the molecular machinery (TLR4, CD14, and MD2) important for initiating the innate immune response to Gram-negative pathogens (2) . LPS accumulates in follicular fluid of animals with metritis, and microbial colonization of human follicular fluid occurs in in vitro fertilization patients (11) . Taken together with the absence of immune cells from ovarian fol-licles (37), these data present the intriguing possibility that granulosa cells could act as immune sensors. Here, we demonstrated granulosa cell functional responsiveness to PAMPs for TLR1, TLR2, and TLR4. Functional TLR1 and TLR2 are relevant, because Grampositive bacteria, which possess their ligands, commonly causes metritis (1) .
The proinflammatory cytokine IL-6 is a potent regulator of early inflammation and is commonly increased in response to LPS (36). However, IL-6 also has a critical role in the ovary. Temporal regulation of IL-6 is important in coordinating meiotic maturation, COC expansion, ovulation, and corpus luteum formation (35, 38, 39) . The chemokine IL-8 is critical for the recruitment of leukocytes into the site of infection and, similar to IL-6, is up-regulated in response to LPS via the TLR4 pathway (36). The role of IL-8 in the ovary is less well characterized, with a suggested role in the recruitment of leukocytes after ovulation, which then aid in the formation and function of the corpus luteum (40, 41). We surmise that in granulosa cells, altered expression of IL-8 in response to LPS is involved in aberrant inflammation in the ovary, whereas altered IL-6 expression may have a direct impact on the oocyte, negatively affecting meiotic maturation.
Binding of LPS to TLR4 on immune cells activates the MAPK and NFB pathways to increase expression of inflammatory mediators (13, 42 ). In the present study, initial activation of both p38 and ERK was visualized in response to LPS after 30 min of treatment. Also, silencing of TLR4 by specific siRNA targeting reduced LPS initiated inflammation, providing further evidence that TLR4 signaling is important in a pathophysiological response to LPS in bovine granulosa cells. It is also interesting to note that bovine granulosa cell mRNA expression of TLR4 was not increased in response to LPS (43).
Gonadotropins are an essential element in successful development and function of the ovarian follicle (16, 17) . Granulosa cells used in the present study were selected from the 4-to 8-mm pool of growing follicles, which provided a homogenous population of granulosa cells with limited apoptotic cells, similar to the environment of the developing oocyte. These granulosa cells are known to be FSH receptor positive and LH receptor negative (24) . In Granulosa cells were either preincubated with 2.5 g/ml FSH for 6 h before LPS exposure or treated with 2.5 g/ml FSH for the duration of the LPS exposure. Granulosa cells were challenged with 10-fold increasing doses of ultrapure LPS between 100 pg/ml and 10 g/ml (ranging left to right and represented by triangles). Data are presented as mean ϩ SEM from four independent experiments. Different superscripts represent statistically significant differences between FSH treatment groups (P Ͻ 0.05); analysis by ANOVA followed by Bonferonni post hoc test. mice, the treatment of COCs with FSH increased mRNA of Tlr4, Myd88, and Cd14 but not in granulosa cells (14) . In Caenorhabditis elegans, the FSH receptor plays an integral role in the innate immune response to bacterial PAMPs by eliciting functional inflammatory responses to pathogens (34). To examine the impact of FSH in bovine granulosa cell immunity here cells were treated with FSH before or during challenge with LPS. The addition of FSH to granulosa cells increased the accumulation of IL-6 and IL-8 in response to LPS and in addition increased their sensitivity to LPS. In the present study, in the absence of LPS, the addition of FSH alone to granulosa cell cultures did not increase p38 or ERK1/2 phosphorylation, IL6 or IL8 mRNA production, or IL-6 or IL-8 accumulation in supernatants. This varies from studies in the mouse where TLR4 and FSH-receptor both act in part via ERK1/2 signaling pathways (44), increasing IL-6 production in re-sponse to FSH (14) . Alternatively, in bovine granulosa cells, FSH may signal via the AKT or phosphatidylinositol 3-kinase pathways to initiate endocrine changes important in their function (45, 46) .
The process of COC expansion is critical for ovulation and fertilization and is indicative of oocyte quality (47). Expansion of the COC requires intrinsic signaling molecules expressed in a temporal manner in response to the LH surge and their downstream products, such as IL-6 (35). We investigated the ability of LPS to induce COC expansion and IL-6 production in the absence of gonadotropins. Although LPS induced IL-6 accumulation during IVM of bovine COCs, high doses of LPS were required to induce gonadotropin-independent expansion above the levels detected in follicular fluid of infected cattle. We suggest that in the cow, LPS may induce the increased expression of cumulus derived factors needed for COC expansion, including IL-6 (35).
Cattle suffering uterine or mammary infection have delayed conception, suggesting failure to conceive as a result of uterine and/or ovarian dysfunction (6, 48) . Meiotic maturation is an essential process in readying both the nuclear and cytoplasmic compartments of the oocyte for ovulation, fertilization, and the first cleavage events of the new zygote. In cattle, meiotic maturation from the germinal vesicle stage to MII takes approximately 60 d, whereas in vitro, the process can be accelerated with the use of exogenous gonadotropins and completed in 24 h. Here, maturation to the MII stage of meiosis was perturbed by the presence of LPS with no protective effect of exogenous gonadotropins. Production of IL-6 within the ovarian follicle seems to be temporally modulated with elevated IL-6 in follicles containing mature oocytes compared with those containing immature oocytes (38). In the rat, LPS administration leads to increased follicular atresia and granulosa cell apoptosis (49), processes closely linked to increased IL-8 expression (50). Oocytes collected from dogs suffering uterine infection have shown very low IVM rates (51) . In addition, women suffering endometriosis have poor oocyte quality and elevated IL-6 in the circulation (52) and increased IL-6 production by their granulosa cells (53) . It would appear that although IL-6 expression within the ovary is important for oocyte development, appropriate temporal expression is critical. Thus, altered oocyte competence due to LPS exposure, increased by FSH, may be a protective mechanism developed by the ovary to prevent the maturation and fertilization of suboptimal quality oocytes, whereas elevated IL-8 may increase follicle atresia.
Because bacterial infection of the ovary itself is a rare event, inhibition of key downstream regulators of the TLR4 signaling pathway may provide suitable targets for blocking the aberrant inflammatory response to LPS within follicles. Here, p65 nuclear translocation and IB degradation required for classical NFB signaling (54) was absent. Surprisingly, the kinetics of p65 nuclear translocation and IB degradation in TNF␣-treated granulosa cells was reduced by an order of magnitude compared with immune cells (32). It is important to note the number of components within the NFB pathway, some of which can increase NFB responsive genes in the absence of p65 and may explain the ability of granulosa cells to initiate LPSinduced inflammatory responses in granulosa cells without p65 nuclear translocation (55) .
In conclusion, bovine granulosa cells initiated an inflammatory response to PAMPs and the response to LPS was via the TLR4 pathway. Intriguingly, there may be interactions between endocrine and immune pathways, because the granulosa cells were more sensitive to LPS in the presence of FSH. The impact of LPS is not limited to granulosa cells, because COCs underwent aberrant cumulus expansion and increased meiotic failure in vitro.
The present studies support the concept that bovine granulosa cells have roles in innate immunity that are linked to fertility.
